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RESEARCH ARTICLE

Overexpression of Arabidopsis YUCCA6 in Potato
Results in High-Auxin Developmental Phenotypes
and Enhanced Resistance to Water Deficit
Jeong Im Kima,2, Dongwon Baekb,2, Hyeong Cheol Parkb,2, Hyun Jin Chunb, Dong-Ha Ohc, Min Kyung Leed,
Joon-Yung Chab, Woe-Yeon Kimb, Min Chul Kimb, Woo Sik Chungb, Hans J. Bohnertc,e, Sang Yeol Leeb,
Ray A. Bressane,f, Shin-Woo Leed and Dae-Jin Yunb,1
a Department of Biochemistry, Purdue University, West Lafayette, IN 47907, USA
b Division of Applied Life Science (BK21 and WCU Program), Plant Molecular Biology and Biotechnology Research Center, Gyeongsang National University,
Jinju 660–701, Republic of Korea
c Department of Plant Biology, University of Illinois at Urbana-Champaign, Urbana, IL, USA
d Department of Agronomy and Medicinal Plant Resources, Gyeongnam National University of Science and Technology, Jinju 660–758, Korea
e Faculty of Science, King Abdulaziz University, Jeddah 21589, KSA
f Department of Horticulture, Purdue University, West Lafayette, IN 47907, USA

ABSTRACT Indole-3-acetic acid (IAA), a major plant auxin, is produced in both tryptophan-dependent and tryptophanindependent pathways. A major pathway in Arabidopsis thaliana generates IAA in two reactions from tryptophan. Step
one converts tryptophan to indole-3-pyruvic acid (IPA) by tryptophan aminotransferases followed by a rate-limiting step
converting IPA to IAA catalyzed by YUCCA proteins. We identified eight putative StYUC (Solanum tuberosum YUCCA)
genes whose deduced amino acid sequences share 50%–70% identity with those of Arabidopsis YUCCA proteins. All
include canonical, conserved YUCCA sequences: FATGY motif, FMO signature sequence, and FAD-binding and NADPbinding sequences. In addition, five genes were found with ~50% amino acid sequence identity to Arabidopsis tryptophan aminotransferases. Transgenic potato (Solanum tuberosum cv. Jowon) constitutively overexpressing Arabidopsis
AtYUC6 displayed high-auxin phenotypes such as narrow downward-curled leaves, increased height, erect stature, and
longevity. Transgenic potato plants overexpressing AtYUC6 showed enhanced drought tolerance based on reduced water
loss. The phenotype was correlated with reduced levels of reactive oxygen species in leaves. The results suggest a functional YUCCA pathway of auxin biosynthesis in potato that may be exploited to alter plant responses to the environment.
Key words: Solanum tuberosum; potato; Arabidopsis thaliana; yuc6-1D; YUCCA, StYUCCA, StTAA, auxin, drought.

Introduction
Auxins are plant hormones, with indole-3-acetic acid (IAA)
as the predominant form, that regulate several aspects of
plant growth and development. One hallmark of auxin
action is highly controlled, directed transport that generates
local concentration differences with subsequent effects on
plant growth (Peer et al., 2011). Plants tightly control auxin
homeostasis through de novo biosynthesis, conjugation
reactions that can remove the active form temporarily, and
degradation. Substantial progress has been made in the
elucidation of IAA biosynthetic pathways in plants over the last
decade. Typtophan-dependent and -independent pathways
for de novo auxin synthesis have been identified by labeling
studies (Baldi et al., 1991; Normanly et al., 1993). Tryptophandependent auxin biosynthesis can proceed via four metabolic

intermediates (Zhao, 2012). These are indole-3-acetaldoxime
(IAOx), indole-3-phyruvic acid (IPA), tryptamine (TAM), and
indole-3-acetamide (IAM). The relative importance of the
several pathways of IAA biosynthesis has remained unclear
until recently. Much understanding resulted from the analysis
of loss-of-function mutants to phenocopy developmental
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defects of auxin signaling mutants and polar auxin transport
mutants. It has also been possible to associate high-auxin
phenotypes with the overexpression of genes, analyze
epistasis, and to quantify metabolic intermediates. This led
to the detection of a two-step pathway of IAA biosynthesis
in Arabidopsis from tryptophan (Mashiguchi et al., 2011; Ross
et al., 2011; Stepanova et al., 2011; Won et al., 2011). The
first step is the conversion of tryptophan to indole-3-pyruvic
acid (IPA) by transamination. This reaction is catalyzed by
members of a family of tryptophan aminotransferase (TAA1/
TAR1/TAR2) in Arabidopsis. The second step is the conversion
of IPA to IAA catalyzed by members of the YUCCA family
of flavin monooxygenases (FMOs). The action of YUCCA
proteins had previously been placed in TAM pathways based
on the ability of recombinant YUCCA proteins to use TAM
as a substrate, but recent genetic and biochemical studies
in Arabidopsis have shown that YUCCAs function in the IPA
pathway together with TAA/TARs (Mashiguchi et al., 2011;
Ross et al., 2011; Stepanova et al., 2011; Won et al., 2011).
Other proposed tryptophan-dependent pathways involve
cytochrome P450s (CYP79B2/CYP79B3), nitrilases, aldehyde
oxidase, and IPA decarboxylase, but those pathways are not
yet fully understood. The IAOx pathway is believed to produce
mainly indole glucosinolates or camalexin through the action
of cytochrome P450s enzymes such as CYP79B2/CYP79B3,
CYP83B1, CYP71A13, and CYP71B15. However, inactivation of
CYP83B1(SUR2) or C-S lyase (SUR1) that blocks the production
of indole glucosinolates leads to the accumulation of auxin
due to routing of IAOx to IAA (Zhao et al., 2002; Mikkelsen
et al., 2004; Sugawara et al., 2009).
The TAA family in Arabidopsis consists of three closely
related genes (TAA1, TAR1, and TAR2). Mutations in any of
these TAA/TAR genes can produce partial IPA deficiency, and
in defects in shade avoidance, ethylene responses, and the
response to auxin transport inhibitor. These defects can be at
least partially rescued by supplementing the growth medium
with auxin (Stepanova et al., 2008; Tao et al., 2008; Yamada
et al., 2009).
The Arabidopsis YUCCA family consists of 11 members.
YUCCA1, YUCCA4, YUCCA5, YUCCA6, and YUCCA7 were
identified by screening of activation-tagged pools of mutants
(Zhao et al., 2001; Marsch-Martinez et al., 2002; Woodward
et al., 2005; Kim et al., 2007; Lee et al., 2011). Activation or
overexpression of YUC genes results in increased free IAA.
This also generates developmental defects associated with
auxin accumulation such as elongated hypocotyl, epinastic
cotyledons, curled-down rosette leaves, and strong apical
dominance (Klee et al., 1987; Zhao et al., 2001; van der Graaff
et al., 2003; Kim et al., 2007). Mutation of a single YUC gene
does not result in a distinct phenotype, suggesting functional
redundancy between YUCCA family members. However, the
importance of YUC genes to de novo auxin biosynthesis can
be demonstrated by simultaneous inactivation of several
YUC genes. For example, the yuc1yuc4yuc10yuc11 mutant

displays severe defects in the formation of floral organs and
vascular patterning that mimic developmental defects found
in mutants with aberrant auxin distribution (Cheng et al.,
2006, 2007). Several lines of evidence place TAA upstream of
YUCCA in the same pathway of IAA biosynthesis. Foremost,
seedlings of the yuc1yuc2yuc4yuc6 mutant accumulate IPA as
expected if YUCCA functioned in conversion of IPA to other
products (Mashiguchi et al., 2011). Further on, shade avoidance, ethylene resistance, and resistance to auxin transport
inhibitors are phenotypes of taa mutants that can be replicated in plants containing the right combination of yuc mutations, as expected if they functioned in the same pathway
(Won et al., 2011). Finally, auxin over-production phenotypes
of YUC overexpression lines are dependent on functional TAA
genes, confirming that TAAs are responsible for converting
tryptophan to IPA whereas YUCCAs function in converting
IPA to IAA (Won et al., 2011).
Orthologs of Arabidopsis YUC genes have been examined
in tomato, maize, rice, and petunia, and appear to function
in auxin biosynthesis on the basis of their effects on plant
development (Tobeña-Santamaria et al., 2002; ExpósitoRodríguez et al., 2007; Yamamoto et al., 2007). Six genes
encoding YUCCA-like FMOs were identified in tomato (ToFZY1
to ToFZY6) and bacterially expressed ToFZY1 had the expected
enzymatic activity (Expósito-Rodríguez et al., 2007, 2011).
Inactivation of petunia FLOOZY (FZY) was associated with
developmental phenotypes characteristic of auxin deficiency
and ectopic overexpression led to auxin accumulation
(Tobeña-Santamaria et al., 2002). Fourteen genes encoding
YUCCA-like proteins (OsYUCCA1-14) were identified in rice
(Yamamoto et al., 2007; Fujino et al., 2008; Gallavotti et al.,
2008). Overexpression of OsYUCCA1 was associated with IAA
accumulation and high-auxin phenotypes whereas antisense
expression was associated with developmental phenotypes
characteristic of auxin-insensitive mutants. Inactivation
of a maize ortholog of AtYUC, SPARSE INFLORESCENCE1
(spi1), was associated with defects in the initiation of lateral
organs and axillary meristems that are expected under
auxin-deficiency conditions (Gallavotti et al., 2008). Reduced
transcript levels of ZmYUC were correlated with reduced IAA
levels (LeClere et al., 2010). Maize VANISHING TASSEL2 (VT2)
encodes a TAA family protein. Phenotypes of the (vt2) maize
mutant resembled those of the spi1 mutant and were not
exaggerated in a spi1 vt2 double mutant, suggesting that the
two-step pathway for auxin biosynthesis involving TAA and
YUCCA proteins is functional and important in maize (Phillips
et al., 2011).
Activation or repression of YUC genes can also lead to
altered stress responses. The activation-tagged Arabidopsis
mutant yuc7-1D contains elevated levels of total auxin due to
increased expression of YUC7 and phenotypes similar to those
observed in high-auxin plants. yuc7-1D mutants are resistant
to drought stress and drought-responsive genes were up-regulated in the mutant (Lee et al., 2011). Rice CONSTITUTIVELY
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Figure 1. Identification of Tryptophan Transaminase-Like Genes in Potato.
(A) Phylogenetic tree showing relatedness of TAA/TAR-like genes of Arabidopsis and potato. The neighbor-joining tree was generated from
deduced protein sequences of selected TAA/TAR homologs (Supplemental Table 1), with a homologous sequence from the fungus Monosiga brevicollis (XP_001746485) as outgroup. Numbers on the branches show confidence values based on 2000 bootstraps. The scale bar indicates substitution per amino acid and the three clades are indicated by half brackets.
(B) Alignment of the deduced amino acid sequences of Arabidopsis TAA1 and putative TAR genes of potato. The sequences were aligned using Bioedit.
(C) The expectation value of conserved domains found in putative TAR proteins of potato. Domain sources are: pfam04864 for Alliinase_C domain,
pfam04863 for EGF-like domain, and COG0436 for aromatic aminotransferase domain.
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WILTED1 (OsCOW1) encodes a rice protein with homology to
YUCCAs (Woo et al., 2007). Inactivation of OsCOW1 results in
constitutively wilted leaves and water deficiency that could be
a consequence of the inability to adjust root to shoot ratios.
Here, we report, based on database searches, eight putative YUCCA and five putative TAA family members encoded
in the potato genome (http://solanaceae.plantbiology.msu.
edu/pgsc_download.shtml; Potato Genome Sequencing
Consortium, 2011). Potato plants overexpressing AtYUC6
showed high-auxin phenotypes as well as water-deficit resistance. We suggest that auxin biosynthesis in potato proceeds
through YUCCA and TAA family enzymes in a manner similar
to the pathway in Arabidopsis.

RESULTS
Identification of Putative Potato TAA/TARs and YUCCAs
A BLASTp search of the potato genome database (http://
solanaceae.plantbiology.msu.edu/pgsc_download.shtml)
identified seven putative potato proteins homologous to
TAA/TAR proteins. The phylogenetic analysis identified three
separate clades. One clade consisted of AtTAR3, AtTAR4,
and two potato homologs StTAR6 and StTAR7, while a second clade combined the maize vt2 protein, AtTAR2, StTAR1,
and StTAR2. A third clade included AtTAA1, AtTAR1, StTAR3,
StTAR4, and StTAR5 (Figure 1A). The potato TARs show about
50% deduced amino acid sequence identity with Arabidopsis
TAA/TAR1/TAR2 proteins and contain the characteristic
alliinase_C and aromatic aminotransferase domains of TAA/
TAR proteins (Figure 1B and 1C). StTAR6 and StTAR7, the only
potato orthologs that belong to the same clade as AtTAR3
and AtTAR4, contain an EGF-like domain that is also found in
AtTAR3 and AtTAR4. This domain is absent from maize vt2,
AtTAA1, AtTAR1, AtTAR2, and StTAR1-5 that are distributed
in the two other clades (Figure 1C; Stepanova et al., 2008;
Tao et al., 2008; Phillips et al., 2011). This analysis suggests
that StTAR1-5 may have similar roles compared to AtTAR1/
AtTAA1/AtTAR2.
A search of the potato database identified eight
genes encoding putative YUCCA proteins (Figure 2 and
Supplemental Table 1). The potato YUCCA proteins show
50%– 70% deduced amino acid sequence identity with
Arabidopsis YUCCA proteins. Phylogenetic analyses of YUC
genes of rice, maize, petunia, tomato, Arabidopsis, and
potato, rooted using two fungal YUC-like sequences, support
the distribution of the potato YUC isoforms in all clades identified (Figure 2B).
YUCCA proteins, like animal and plant FMOs, contain a FAD
prosthetic group and utilize NADPH as a cofactor to catalyze
the oxygenation of substrate molecules. All eight putative
potato YUCCA proteins contain the two conserved ‘GxGxxG’
motifs characteristic of FMOs and YUCCA proteins. The
‘GxGxxG’ motif located close to the N-terminus of the protein is a predicted FAD-binding site, while the motif located

towards the center of the proteins is a predicted NADPbinding site (Figure 2A; Kubo et al., 1997; Stehr et al., 1998;
Schlaich, 2007; Bartsch et al., 2006). The ‘F/LATGY’ motif that is
thought to occur in enzymes catalyzing N-oxidation, and conserved in FMOs and Arabidopsis YUCCA proteins, is present
at the expected location near the C-terminus of the potato
YUCCA proteins (Stehr et al., 1998; Schlaich, 2007). Six of the
potato YUCCA proteins contain a ‘LATGY’ motif while StYUC7
and StYUC8 have a ‘FATGY’ motif (Figure 2A). It is notable
that AtYUC10 and AtYUC11 that belong to the same clade
as StYUC7 and StYUC8 share the ‘FATGY’ sequence instead
of ‘LATGY’ (Schlaich, 2007; see Figure 2A). All plant FMOs
contain the FMO signature sequence motif ‘FxGxxxHxxxy/F’
(Schlaich, 2007). This is also the case in the potato YUCCA
proteins. The ‘WL(I/V)VATGENAE’ motif is exclusive for plant
FMOs and is highly conserved in proteins of the YUCCA family
(Expósito-Rodríguez et al., 2007). StYUC1-6 contains an intact
‘WL(I/V)VATGENAE’ motif. The ‘WL(I/V)VATGENAE’ motif is
missing in AtYUC10/YUC11 (Expósito-Rodríguez et al., 2007)
and is modified in StYUC7 and StYUC8 that belong to the
same clade (Figure 2B). The closest relative of AtYUC6 was
identified as StYUC2.

Potato Plants Overexpressing AtYUC6 Display
Morphological Changes Characteristic of High-Auxin
Content
To investigate the potential importance of the YUCCA pathway to auxin content in potato, we generated transgenic
potato plants (Solanum tuberosum L. cv. Jowon) overexpressing AtYUC6 under control of the CaMV35S promoter. A modified pCAMBIA1300pt–YUC6 construct, previously described
and used for generating Arabidopsis YUC6 overexpression
lines, was used for transformation (Kim et al., 2007). Thirteen
potato overexpression lines were isolated and two lines (T104
and T105) showing comparable expression levels of AtYUC6
were used in this study (Supplemental Figure 1A). Lines T104
and T105 initially grew similarly to untransformed control
plants (WT) but, beginning with stem elongation, grew faster
than the control plants (Supplemental Figure 1B and 1C).
Both overexpression lines displayed the distinct morphology
usually associated with high-auxin content. The plants were
taller than untransformed control plants and were erect
(Figure 3 and Supplemental Figure 1B). Compared with the
untransformed control, leaves of the AtYUC6 potato plants
had longer petioles, were narrower, and curled downwards
(Figure 3A). When plants were produced from tuber eyes,
transformed plants took a longer time for sprout emerging than untransformed plants (data not shown). But, once
sprout emerged, transgenic plants grew faster than untransformed plants (Figure 3A). The angles between petiole and
stem in AtYUC6 overexpression potato lines were smaller
than in the untransformed control (Figure 3B). Morphological
phenotypes such as elongated downward-curled leaves and
long hypocotyls have been observed in plants with increased
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Figure 2. Identification of Potato Genes Encoding YUCCA-Like Proteins.
(A) Comparison of the deduced amino acid sequences of AtYUC6 and potato YUC-like genes. The sequences were aligned using Bioedit. The motifs
conserved in plant YUCCA proteins are shown in blue color at the appropriate location.
(B) Phylogenetic analysis of YUC genes. Shown is the neighbor-joining tree of YUCCA proteins of Arabidopsis (At), potato (St), petunia (Ph),
tomato (To), rice (Os), and maize (Zm). Numbers on the branches show confidence values based on 2000 bootstraps and the scale bar shows 0.1
substitutions per amino acid site. Deduced protein sequences from YUCCA homologs found in two fungi were used as outgroup (XP_003644965
from Eremothecium cymbalariae and EER39118 from Ajellomyces capsulata). The accession numbers of the genes used for construction of this tree
is shown in Supplemental Table 1.
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Figure 3. AtYUC6 Transgenic Potato Plants Display Developmental Phenotypes Associated with High-Auxin Content.
(A) Seven-week-old transgenic plants (T104 and T105) display narrow and downward-curling leaves unlike the untransformed plant (WT). Potato
transgenic plants and untransformed plants were grown from potato eyes in individual pots in a greenhouse.
(B) Comparison of leaf angle and height. Measurements were made on 7-week-old plants. Leaves were counted sequentially from the soil line to
the top of the plant. Leaf angles were determined from fourth, fifth, and sixth leaves.

auxin levels such as the Arabidopsis yuc6-1D and yuc7-1D
gene activation mutants and CYP79B2 overexpression lines
(Zhao et al., 2002; Kim et al., 2007; Lee et al., 2011).
Transgenic potato plants that overexpress AtYUC6 also
displayed the stay green-like phenotypes reported for
Arabidopsis lines overexpressing AtYUC6 (Kim et al., 2011). As
shown in Figure 4, AtYUC6 potato plants were still alive and
able to develop new axillary shoots at 10 months whereas
the untransformed plants died at about 7 months of age.
Although transgenic potato plants that overexpress AtYUC6
stay green for longer than untransformed potato plants, the

tuber yield in transgenic plants was not increased (Figure 5A).
As shown in Figure 5B and 5C, total tuber weight and tuber
number per plant were lower than in untransformed potato
plants. This result is consistent with a previous report that
tuber formation was completely inhibited by a high concentration of auxin treatment (Kumar and Wareing, 1974).

Potato Plants Overexpressing AtYUC6 Display WaterDeficit Tolerance
Considering that overexpression of AtYUC7 conferred a
drought resistance phenotype in Arabidopsis (Lee et al.,
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Figure 4. Transgenic Potato Plants Overexpressing AtYUC6 Display Longevity. Shown are 7-month-old untransformed (WT) and 10-month-old
AtYUC6 transgenic lines (T104 and T105). The inset shows one of several newly emerged shoots in a 10-month-old transgenic plant.

2011), the ability of mature transgenic AtYUC6-expressing
potato plants to tolerate water deficit was compared with
that of untransformed potato plants (Figure 6). Water was
withheld from 4-month-old well-watered potato plants for
18 d. As shown in Figure 6A and 6B, on day 12 of water-deficit treatment, leaves of untransformed potato plants were
wilting while leaves of AtYUC6 transgenic potato plants
maintained turgor. By day 18 of water withdrawal, the differences in wilting symptoms between untransformed and
transgenic potato plants became even more pronounced. The
watering regimen was resumed on day 19 and survival of the
drought-stressed plants was evaluated after 7 d. None of the
untransformed potato plants survived this stress test, while
all four of the transgenic plants survived (Figure 6A). The relative water content in transgenic AtYUC6 potato plants was
higher than that of untransformed plants, which is consistent with their drought-resistant phenotype (Figure 6C). As a
control experiment, the ability of ectopically overexpressed
AtYUC6 to improve drought stress tolerance was tested in
Arabidopsis. When water was withheld from 5-week-old
Arabidopsis plants, leaves of wild-type plants (Col-0 gl1) were
significantly more wilted after 14 d of treatment than leaves
of the yuc6-1D activation mutant that overexpresses AtYUC6
(data not shown). In contrast, the loss-of function mutant was
more sensitive to water deficiency than the wild-type (data
not shown).
Many studies have shown that drought stress induces
increased oxidative stress and reactive oxygen species (ROS)
accumulation in various plants (e.g. Cruz de Carvalho, 2008).
Accordingly, the hydrogen peroxide content of leaves of the
AtYUC6 transgenic potato lines was measured. In T104 and
T105, hydrogen peroxide amounted to only 30%–40% of the
amount found in untransformed control leaves under identical growth conditions (Figure 7A). Many ROS are extremely
reactive and will oxidize lipids, proteins, and nucleic acids if
their accumulation is not controlled. Lipid peroxidation in
leaves of the AtYUC6 transgenic and untransformed potato
plants was measured by the formation of thiobarbituric acid
reactive species (TBARS) (Murphy et al., 1999). As shown in

Figure 7B, the level of TBARS was greatly reduced in leaves
of the transgenic potato lines when compared with untransformed controls, consistently with the differences in hydrogen peroxide contents (Figure 7A). A possible mechanism
for reduced ROS content and lipid peroxidation in transgenic AtYUC6 potato plants could be transcriptional activation of ROS-scavenging enzymes. However, the alteration in
expression of antioxidant enzymes such as iron superoxide
dismutase (FeSOD), ascorbate peroxidase (APX), and catalase 2 (CAT2) was not consistent in leaves of both AtYUC6
transgenic potato lines compared to the untransformed
controls, although the expression of copper–zinc superoxide
dismutase (CuZnSOD) was slightly increased in both transgenic lines (Figure 7C). A connection between AtYUC6 overexpression and low ROS content in leaves was also observed
in Arabidopsis (Figure 7D and 7E). The hydrogen peroxide
content of leaves of the yuc6-1D activation mutant was only
70% of the hydrogen peroxide content of wild-type leaves
(Figure 7D). When hydrogen peroxide was visualized by diaminobenzidine tetrahydrochloride (DAB) staining of leaves
subjected to high light stress, the brown color associated with
hydrogen peroxide accumulation was detected in wild-type
leaves more rapidly than in yuc6-1D leaves (Figure 7E). Thus,
an inverse correlation between drought tolerance and the
ROS content of leaves is associated with AtYUC6 overexpression in both potato and Arabidopsis.

Discussion
The YUCCA pathway of auxin biosynthesis appears to dominate development in a range of plant species, from mosses
to monocots and dicots, whereas the IAOx pathway is limited to crucifers (Bak et al., 1998). Our ability to elicit highauxin phenotypes in transgenic potato plants overexpressing
AtYUC6 indicates that the YUCCA pathway for auxin biosynthesis exists in potato as well. Although Arabidopsis YUCCAs
and TAA/TARs function in the pathway of IAA biosynthesis, it
had so far not been shown whether this might be extended
to other species. We have identified genes encoding five
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Figure 5. Tuber Yield Was Decreased in Transgenic Potato Plants Overexpressing AtYUCCA6.
(A–C) Potato tubers from one plant of wild-type, T104, and T105 are shown. Representative tubers (A), total weight of tubers (B), the number
of tuber (C) from one plant of wild-type, T104, and T105 are shown. Potato plants were grown on soil in a greenhouse and tubers were harvested 11 months after planting when plants died. Total weight of tubers and number of tubers from each plant were recorded. Shown is average ± standard deviation (n = 3).

TAA/TAR-like and eight YUCCA-like proteins in the potato
genome. While indications exist, proof can be provided only
by further genetic and biochemical studies to determine
whether potato YUCCA and TAA/TARs function in a linear
pathway of auxin biosynthesis.
All eight putative potato YUCCA proteins contain YUCCA
and FMO signature motifs such as the FMO identifying motif,
FAD and NADP-binding motifs. Also present are the WL(I/V)
VATGENAE motif and the F/LATGY motif, suggesting that the
biochemical function of potato YUCCAs should be very similar to that of Arabidopsis YUCCAs. Sixteen Arabidopsis FMOs
of Clade III including FMOGS-OX1 that function in glucosinolate
metabolism contain a ‘HCTGYK’ motif instead of ‘F/LATGY’,
while all Arabidopsis and putative potato YUCCAs contain a
‘F/LATGY’ motif. The multiple YUC genes that are found in
Arabidopsis, rice, tomato, and maize may have unique as well
as overlapping functions (Zhao et al., 2001; Yamamoto et al.,
2007; Fujino et al., 2008; Gallavotti et al., 2008; ExpósitoRodríguez et al., 2011). The expression of tomato YUC genes
(ToFZY1 to ToFZY 6) is temporally and spatially regulated and
the distinctive expression pattern of each ToFZY indicates
unique as well as overlapping functions with other ToFZYs
(Expósito-Rodríguez et al., 2011). It would be worthwhile to
delineate the unique and/or overlapped roles and expression
patterns for each member of the potato YUC family.
Both Arabidopsis and potato plants overexpressing
AtYUC6 exhibit water-deficit resistance and a pronounced

stay-green phenotype (Figures 4 and 6; Kim et al., 2011). It is
notable that overexpression of YUC7 in an activation mutant
of Arabidopsis enhanced drought tolerance whereas inactivation of rice YUC8 (OsYUC8/OsCOW1/OsNAL7) resulted in a
constitutive wilting phenotype (Woo et al., 2007; Lee et al.,
2011). The wilting phenotype or water deficiency in leaves
of the Oscow1 plants was attributed to a reduction in the
root-to-shoot ratio (Woo et al., 2007). However, potato plants
overexpressing AtYUC6 have reduced tuber number and
total tuber weight (Figure 5). Also, no significant increase in
root mass was observed in the yuc6-1D activation mutant of
Arabidopsis.
The production of ROS is an inevitable consequence of environmental stress in plants. Many studies have shown that ROS
production is enhanced under drought stress (for reviews, see
Cruz de Carvalho, 2006; Mittler et al., 2011). ROS production can
be deleterious when it overwhelms the ROS-scavenging ability
of the plant. Thus, the accumulation of ROS is tightly controlled
so that cellular damage and eventual death may be avoided.
Our data support the hypothesis that the drought-resistant
phenotype elicited by AtYUC6 overexpression is mediated by
its effects on ROS metabolism. We found that the level of ROS
was reduced by overexpression of AtYUC6 in both Arabidopsis
and potato (Figure 7). Reduced levels of ROS in AtYUC6overexpressing plants can be derived from the activation of
ROS scavenging or the decrease in ROS production. We found a
small increase in the transcript level of a CuZnSOD transcript in
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Figure 6. AtYUC6 Transgenic Potato Plants Display Resistance to Water-Deficit Stress.
(A) Survival of water deficiency. Shown are well-watered 4-month-old transgenic (T104) and untransformed plants (WT) just before withdrawal
of watering (Drought 0 d), and on day 12 (Drought 12 d) and day 18 (Drought 18 d) after withholding of water. Watering was then resumed and
plants were photographed 7 d thereafter (After re-watering for 7 d).
(B) Wilting symptoms in leaves. Four-month-old plants of the indicated lines were grown in the same pot and water deficit was applied as in (A).
Shown are leaves from untransformed (WT) and two AtYUC6 transgenic lines (T104 and T105) on day 12 after water withdrawal.
(C) Measurements of relative water content. Depicted are the relative water contents of the leaves shown in (B). The values represent average ± SD
(n = 4).

transgenic AtYUC6 potato but transcript changes of other ROSscavenging enzymes such as FeSOD, APX, and CAT2 were not
consistent in transgenic lines (Figure 7C). A more detailed analysis of global transcript and ROS-scavenging activities connected
to the YUC-associated drought-tolerance phenotype in cellular
spaces and developmental time is yet to be carried out.
YUC overexpression could elicit drought tolerance by
modulation of hormonal crosstalk. Such a possibility could be

based on the realization that the accumulation of auxin in
YUC-overexpressing plants might lead to adjustments in the
synthesis, amount, or distribution of other hormones. One
candidate hormone, ABA, is known to accumulate in plants
under drought stress, control water balance through its
effect on stomata, and also control the expression of osmotic
stress-tolerance genes (Seiler et al., 2011). Auxin can stimulate
production of ABA (Hansen and Grossmann, 2000). Another
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Figure 7. Overexpression of AtYUC6 Is Associated with Lower ROS Content in Leaves.
(A) H2O2 contents were measured in leaves of 3-month-old plants of untransformed (WT) and AtYUC6 transgenic potato lines (T104 and T105).
Data are average ± SD (n = 4). * indicates p < 0.01 from Student’s t-test.
(B) TBARS contents were measured in leaves of the 3-month-old potato plants. Data are average ± SD (n = 4).
(C) Transcript levels of antioxidant enzymes in potato leaves were measured by quantitative RT–PCR and normalized to the level of ACTIN transcript. Measurements were performed on total RNA extracted from leaves of 7-week-old plants of the above potato lines. Data represent average ± SD (n = 3). SOD, superoxide dismutase; APX, ascorbate peroxidase; CAT2, catalase2. The Genbank accession numbers of FeSOD, CuZnSOD,
APX, and CAT2 are shown in Supplemental Table 1.
(D) H2O2 contents were measured in leaves of 3-week-old wild-type (WT) and yuc6-1D Arabidopsis plants. Data represent average ± SD (n = 4).
(E) DAB staining for ROS accumulation in detached leaves subjected to high light stress. Shown are detached third or fourth rosette leaves from
3-week-old Arabidopsis plants of the above lines that were incubated in DAB staining solution under high light at 4°C for the indicated times
before photography.

suggestion pointed out that ROS production during water
deficiency mediates some crosstalk between ABA signaling
and metabolic status (Verslues and Zhu, 2005). Arabidopsis
plants overexpressing YUC7 have elevated auxin contents,
exhibit drought resistance, and have increased expression
of ABA-responsive genes such as RD29A (Lee et al., 2011).
However, the stomatal apertures in YUC7-overexpressing
plants were not significantly changed compared to wild-type,
suggesting the effect of YUC7 overexpression on drought tolerance was not mediated significantly by ABA or that YUC
expression and the elevated auxin content in the plants circumvented the ABA effect on stomatal aperture (Lee et al.,
2011). The possibility of a role for hormonal crosstalk in the
drought tolerance conferred by AtYUC6 overexpression in
potato and Arabidopsis needs to be examined.
Potatoes are a major food crop but are more sensitive to
water stress than many other crops because they develop a
shallow root system juxtaposed by a comparatively large canopy. Also, potatoes are typically grown in sandy soils with a
relatively low water-holding capacity. Our results show that
modulation of YUC expression in potato reduces ROS content of the leaves, suggesting that YUC overexpression could
be an effective means to also improve the tolerance to other

stresses with a strong ROS component, such as heat, salinity, or light. The connection between the reduced ROS levels
and enhanced drought tolerance in AtYUC6-overexpressing
plants merits further study, as it may offer an opportunity to
improve drought resistance while circumventing undesirable
effects of YUC overexpression on plant development.

METHODS
Plant Material and Growth Conditions
Appropriate isogenic lines were compared in all experiments.
The Arabidopsis thaliana yuc6-1D mutant was of the ecotype
Col-0 gl1. Arabidopsis plants were grown in a 2:1 mixture of
ProMix PGX (Premier Horticulture) and Turface calcined clay
(Profile Products) in a growth chamber at 23°C under a light
intensity of 100~120 µE m–2 sec–1 and 16-h light/8-h dark photoperiod. Potato plants (Solanum tuberosum L. cv. Jowon) were
grown on MetroMix 360 (Scotts) in a greenhouse at 22–24°C.
For drought-tolerance tests, potato plants grown under wellwatered conditions were selected. Watering was stopped and
plants were photographed regularly. Watering was resumed
when a distinct difference was noticeable between the control
and test lines and the plants were photographed regularly.
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Generation of Transgenic Potato Plants
The plasmid pCAMBIA1300-PT-AtYUC6 has been described
and it was used for Agrobacterium-mediated transformation
of Arabidopsis as previously reported (Kim et al., 2007). For
potato transformation, leaves from 3-week-old potato plants
(Solanum tuberosum L. cv. Jowon) were sterilized with 0.5%
sodium hypochlorite and rinsed several times with sterile
water. The sterilized leaves were sectioned into 5-mm × 5-mm
pieces and put in pre-culture media for 1 d. Agrobacterium
tumefaciens (strain GV3101) containing pCAMBIA1300-PTAtYUC6 was grown in YEP medium containing appropriate
antibiotics at 28°C for 2 d and subcultured in fresh medium
for 10 h before transformation. The bacteria were co-cultured with prepared leaf discs for 10 min. The leaf discs were
then transferred onto potato co-culture media containing MS
salt, 2,4-dichlorophenoxyacetic acid (2,4-D) (2 mg L–1), sucrose
(30 g L–1), and gelrite (2 g L–1), and incubated in the dark for
2 d at 25°C. Each leaf disc was then placed on selection media
containing MS salt, sucrose (30 g L–1), zeatin (2 mg L–1), NAA
(0.01 mg L–1), GA3 (0.1 mg L–1), gelite (2 g L–1), carbenicillin
(500 mg L–1), and hygromycin (5 mg L–1). Hygromycin-resistant
shoots that emerged were transferred to rooting induction
medium containing MS salt, sucrose (30 g L–1), and gelite
(2 g L–1). After 4 weeks, plantlets were moved to soil.

Gene Expression Analysis
Total RNA was extracted from 2-week-old leaves of potato
plants using the RNeasy Plant Mini Kit (Qiagen, Valencia,
CA). cDNA was synthesized from 2 μg of total RNA using the
ThermoScriptTM RT–PCR System (Invitrogen, Carlsbad, CA)
in 20 μl reaction volume at 55°C for 60 min. Reverse transcription of all the RNA samples was carried out using oligo(dT)20. Expression levels of ROS-related genes in potato were
measured by quantitative real-time PCR using the CFX96TM
Real-Time Systems (Bio-Rad Laboratories, Hercules, CA).
The primer sequences for potato ROS-related genes were
used as previously reported (Kim et al., 2010). ACTIN was
used for RNA normalization. The QuantiMix SYBR Kit (PKT,
Yuseong-gu, Daejeon, Korea) was used for 25 µl PCR reactions
as follows: 50°C for 10 min, 95°C for 10 min, and 40 cycles of
95°C for 15 sec, 60°C for 15 sec, and 72°C for 15 sec. The relative expression levels of all samples were calculated using CFX
Manager Software (Bio-Rad, Hercules, CA, USA) and analyzed
three times. Sequences of primers used for qRT–PCR and RT–
PCR are shown in Supplemental Table 2.

Detection and Quantification of Reactive
Oxygen Species
3,3’-diaminobenzidine (DAB) staining was performed on
detached leaves to visualize hydrogen peroxide. Third and
fourth rosette leaves from 3-week-old Arabidopsis plants
were cut under water. The petioles were immersed in DAB
staining solution (1 mg ml–1, pH 3.8) for the indicated periods
under high light at 4°C. At the end of the incubation period,
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leaves were incubated in 70% ethanol at 60°C until chlorophyll was cleared and then photographed.
Detached leaves from 3-week-old Arabidopsis plants and
3-month-old potato plants were used for quantification of
hydrogen peroxide. Hydrogen peroxide was measured using
the Amplex® Red Hydrogen Peroxide/Peroxidase assay kit
(Invitrogen, Carlsbad, CA, USA) following the supplier’s instructions. Fluorescence measurements (excitation, 530 nm; emission,
590 nm) were made using a SpectraMax GEMINI XPS spectrofluorometer (Molecular Devices Corporation, Sunnyvale, CA)
and SoftMax Pro 5 software. The standard curve was generated
using hydrogen peroxide concentrations between 0–10 µM.
TBARS were quantified as described (Murphy et al., 1999).

Measurement of Relative Water Content
The fresh weight of excised leaves was measured immediately. The excised leaves were incubated in de-ionized water
at 4°C overnight and their fresh weight was measured after
blotting leaves with filter paper to remove excess water.
After determining the rehydrated weight, leaves were dried
in an oven at 80°C for 2 d. Dried leaves were equilibrated at
room temperature for 2 h before measuring their dry weight.
The relative water content (RWC) was calculated as follows:
RWC = (fresh weight – dry weight)/(fresh weight after fully
hydrated – dry weight).

Generation of the Phylogenetic Tree
and Domain Searches
Protein sequences of putative YUCCA family in potato were
retrieved by searching for AtYUCCA6 homologs with blastp
(e < 0.00001) in the S. tuberosum Group Phureja DM1-3
516R44 (CIP801092) genome annotation v3.4 (http.solan
aceae.plantbiology.msu.edu/pgsc_download.shtml;
Potato
Genome Sequencing Consortium, 2011). Protein sequences
of the putative TAA/TAR family in potato were retrieved
by searching the potato genome annotation with blastp
(e < 0.00001), using Arabidopsis TAA/TAR protein sequences
as input. The neighbor-joining tree was generated by MEGA5
(www.megasoftware.net/) with 2000 bootstrap and partial
deletion options, based on an alignment of homologous
protein sequences by ClustalW. Accession numbers of all the
sequences used for analysis are presented in Supplemental
Table 1. The expectation values for conserved domains in
putative potato TAR proteins were found from the NCBI
Conserved Domain Search (Marchler-Bauer and Bryant, 2004).

SUPPLEMENTARY DATA
Supplementary Data are available at Molecular Plant Online.
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